We have developed an autoradiographic method for estimating the oxidative and glycolytic com ponents of local CMRgJc (LCMRgJc), using sequentially administered [ l BFJfluorodeoxyglucose (F DG) and e4CJ-6-glucose (GLC). FDG-6-phosphate accumulation is pro portional to the rate of glucose phosphorylation, which occurs before the divergence of glycolytic (GMg) and ox idative (GMo) glucose metabolism and is therefore related to total cerebral glucose metabolism GMt: GMg + GMo = GMt. With oxidative metabolism, the 14C label of GLC is temporarily retained in Krebs cycle-related substrate pools. We hypothesize that with glycolytic metabolism, however, a significant fraction of the 14C label is lost from the brain via lactate production and efflux from the brain. Thus, cerebral GLC metabolite concentration may be more closely related to GMo than to GMt. If true, the glycolytic metabolic rate will be related to the difference between FDG-and GLC-derived LCMRg1c-Thus far, we have studied normal awake rats, rats with limbic activa tion induced by kainic acid (KA), and rats visually stim ulated with 16-Hz flashes. In KA-treated rats, significant discordance between FDG and GLC accumulation, which we attribute to glycolysis, occurred only in acti vated limbic structures. In visually stimulated rats, sig nificant discordance occurred only in the optic tectum. Key Words: Fluorodeoxyglucose-Glucose-Glycolysis. 
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We have shown previously that in normal rats the patterns of GLC and FDG distribution are similar if the interval between injection of GLC and the end of the experiment is brief. Application of appropri ate kinetic models produces nearly identical values for LCMRglc derived from GLC data at a 6-min ex perimental duration and from FDG data at a 30-to 45-min experimental duration, in all but a few struc tures (Lear and Ackermann, 1988) .
The kinetic models for GLC and FDG employ common metabolic premises (see Fig. O . Both FDG and GLC cross the blood-brain barrier in propor tion to the transport rate of the nonradioactive glu cose that the brain normally metabolizes. Similarly, both FDG and GLC are phosphorylated, respec tively, to FDG-6-phosphate and GLC-6-phosphate in proportion to the rate of nonradioactive glucose phosphorylation, FDG-6-phosphate undergoes no further significant metabolism, except for a low rate of dephosphorylation (Redies et aI., 1987a) 6-phosphate accumulation accurately reflects the rate of glucose metabolism (Phelps et aI., 1979; Reivich et aI., 1979; Redies et aI., 1987b; Lear and Ackermann, 1988) .
In contrast to FDG-6-phosphate, GLC-6-phos phate continues to be metabolized normally. Con sequently, the label is eventually lost, predomi nantly as labeled CO2, At first, however, the GLC derived label is diluted as it progresses through
Krebs cycle-related substrate pools (Gaitonde, 1965; Yoshino and Elliott, 1970; Reynolds and Gal lagher, 1973) and is therefore mostly retained in the brain. Retention is greatest when the 6-carbon of glucose is labeled, because this carbon passes through the Krebs cycle twice before it can be cleaved and lost as CO2 and because the 6-carbon is not lost via the pentose shunt (Hawkins et al., 1985; Lear and Ackermann, 1988) . Hence, for brief experiment durations (e.g., 5-10 min), GLC-derived label accumulation also reflects the rate of glucose metabolism, with the caveat that quantitation of LCMRglc with labeled glucose is "noisier" than with DG or FDG because the cor rection required for unmetabolized labeled pre cursor is much larger and more difficult to determine precisely at 5-10 than at 30-45 min. Otherwise, the kinetic models for GLC and FDG are similar, dif fering primarily in the specific values for their re spective kinetic constants, and in their optimal ex periment durations.
Thus,
where Cp is the concentration of either FDG or GLC in blood plasma, Ce is the concentration of either FDG or GLC in brain, Cm is the concentra tion of either FDG or GLC metabolites in brain, Ct is the total concentration of either FDG-or GLC derived radiolabel in brain, k1 is the rate constant of blood-to-brain transport of either FDG or GLC, k2
is the rate constant of brain-to-blood transport of either FDG or GLC, k3 is the rate constant of phos phorylation of either FDG or GLC, and k4 is the rate constant of loss of either FDG or GLC metabolites.
It is important to appreciate that the above theo retical considerations hold only so long as cerebral glucose metabolism is overwhelmingly oxidative, as it normally is, with only an insignificant amount of lactate produced via glycolysis. If the glycolytic rate increases substantially, so that a significant quantity of GLC-derived lactate is produced and then exits the brain via facilitated transport and dif fusion (Oldendorf, 197 1-72; Bradbury et aI., 1975; Cremer et aI., 1979; Oldendorf et al., 1979) , then the rates at which FDG and GLC accumulate will lose their usual proportionality. Under such conditions, FDG accumulation will reflect total glucose metab olism; GLC accumulation will reflect the oxidative component, contaminated by labeled lactate still in the brain at the end of the experiment; and the dif ference between them will reflect the glycolytic component.
Glycolysis in the presence of adequate oxygen ("aerobic glycolysis") has been demonstrated in muscle and tumor cells and has been linked to in creased Na +, K + -ATPase (sodium-potassium pump) activity (Plum and Duffy, 1975; Paul, 1983; Racker et al., 1983; and refs. therein) . Stimulation of nervous tissue is mediated by ion fluxes across cell membranes, triggering increased Na + ,K + ATPase activity, and this increased Na+, K+ ATPase activity largely accounts for increased 2DG utilization in stimulated brain tissue (Mata et aI., 1980; Brookes and Yarowsky, 1985) .
Since glycolysis is known to be disinhibited by the products of Na + ,K + -ATPase activity (Lowry and Passonneau, 1966; Balazs, 
METHODS

Animal procedures
SUbjects were 12 adult male Sprague-Dawley rats pur chased from a commercial supplier (Harlan); 4 were con trols, 4 received the KA treatment, and 4 received 16-Hz light-flash stimulation while they were in an otherwise darkened room. Each animal was food deprived for 18-24 h before the experiment. While the animal was under gen eral anesthesia, induced and maintained with halothane, a femoral artery and femoral vein were catheterized with polyethylene tubing. Before it emerged from the anesthe sia, the rat was restrained with a plaster cast that immo bilized the lower torso and the hindlimbs; the upper torso, forelimbs, head, and neck remained free.
Each control animal was injected with -5 mCi of FDG (100 Ci/mmol) over a 4-to 8-min period (the extended duration of the FDG "bolus" was necessitated by the dilution of the FDG). Timed blood samples were with drawn via the arterial catheter for later determination with a gamma counter of plasma FDG content and of plasma glucose content. Thirty minutes after the begin ning of the FDG infusion, -50 /-LCi of GLC (55 mCi/ mmol) was injected over a 30-s period via the venous catheter, and timed arterial samples continued to be with-
drawn for later determination with a scintillation counter of plasma GLC content. The blood samples were ob tained on the following schedule (min): 0 (begin FDG in fusion), 0.5, 1.0, 2.0, 3.0, 6.0, 12.0, 20.0, 30.0 (begin GLC infusion), 30.5, 31.0, 32.0, 33.0, 34.0, 35.0, 36.0. Each animal in the KA experiment was injected (intra peritoneally) with a dose of 7-10 mg/kg body weight (ve hicle, physiological saline). Forty-five to 120 min after the KA injection, the FDG/GLC infusion regimen described above was begun.
Each animal in the visual stimulation experiment was exposed continuously to 16-Hz flashes in an otherwise darkened room; the animals were not dark adapted be forehand. The FDG/GLC infusion regimen was begun im mediately after the onset of the light-flash stimulation.
Six minutes after the beginning of the GLC infusion (36 min after the beginning of the FDG infusion), each rat was killed by injecting an overdose of pentobarbital via the venous catheter and then was immediately decapitated. The brain was rapidly removed from the cranium, frozen in crushed dry ice, and then cryostat sectioned at 20 /-Lm. Selected sections were thaw mounted on cover slips and dried on a warming tray.
Autoradiography
The dried sections were apposed to a sheet of x-ray film (K odak NMC) in a spring-loaded x-ray cassette for 2-4 h. The resulting set of photographic images (autoradio grams) was produced predominantly by ISF decay. Two days later, when the ISF had decayed to a negligible level eSF half-life 110 min), the same sections, together with calibrated 14C standards (Amersham), were placed against another sheet of film for 10-20 days, producing an exposure due almost entirely to 14C decay.
Each pair of FDG and GLC autoradiograms was digi tized and aligned using a solid-state digital image analyzer consisting of a charge-coupled device scanner and a com puter (Lear et aI., 1986) and then converted by the com puter into corresponding images of ISF and 1 4C tissue tracer concentration [see Lear et al. (1984) for details of double-label methodology J. These tracer concentration images were in turn converted, using the kinetic models described below, into images depicting total glucose met abolic rate, oxidative metabolic rate, and glycolytic rate.
Kinetic models
The overall kinetic model described below was derived from previously published models for LCMRglc determi nation using 2DG (Sokoloff et aI., 1977) or GLC (Hawkins et aI., 1985) , modified for simultaneous determination of GLC-based and FDG-based LCMRglc Acker mann, 1988, 1989) . It was assumed that the glycolytic and oxidative components of LCMRglc remained stable over the 36-min duration of the experiments.
FDG-based LCMRglc was measured using the 2DG method of Sokoloff et al. (1977) , with small but significant modifications to account for differences in FDG vs. 2DG kinetics. Values used for kl and k2 of FDG were obtained by multiplying published 2DG values (Sokoloff et aI., 1977) by -1.4, to account for the more rapid transport of FDG compared to 2DG (Crane et aI., 1983; Lear and Ackermann, 1988) . Similarly, the values of k3 and LC for FDG were set to -1.3 times the published values for 2DG (Lear and Ackermann, 1989) .
where k 1(FDG) (gray matter) = 0.3 k2(FDG) (gray matter) = 0.4 (k2 + k3)(FDG) (gray matter) = 0.5 L C (FDG) = 0. 6 GLC-based LCMRglc was determined by the method of Hawkins et aI. (1985) . Equations 1-3 were solved numer ically, with values for k l ' k2' and k4 fixed (see below), and the value for k3 varied from 0. 0 to 0.3. This generated a 
Each pair of FDG-and GLC-based LCMRglc values, derived from Eqs. 4 and 5, was then applied to the fol lowing model that we developed to obtain estimates of both the oxidative and the glycolytic components of glu cose metabolism.
For any given metabolic rate, if GMt is total glucose metabolism (oxidative + glycolytic), GMo is oxidative glucose metabolism, GMg is glycolytic glucose metabolism, Frl is retained lactate fraction, CI is the correction factor for retained e 4 C]lactate, LCMRg1c(FDG) = LCMRg1 c estimate derived from FDG label accumulation, and, LCMRglc(GLC) = LCMRglc estimate derived from GLC label accumulation, then
A look-up table of Frl vs. GMg was created by modify ing the GLC model's rate constant for label loss (k4) to include loss due to lactate efflux, which was assumed to occur with a rate constant equal to 0.5 times the rate constant of glucose transport (k1) (see Oldendorf, 1971 Oldendorf, , 1971 Oldendorf, -72, 1973 Cremer et ai. , 1979; Oldendorf et aI., 1979) . Equations 9 and 10 were solved simultaneously with a computer to generate look-up tables relating 18 F and 14 C tissue tracer concentrations to values for the gly colytic and oxidative components of total cerebral glu cose metabolism. The computer also was used to produce digitized images of FDG and GLC tissue concentration. These tracer concentration images were then converted by the computer to images of total, oxidative, and glyco lytic glucose metabolic rates (Figs. 2-6 ).
RESULTS
Autoradiographic images
The FDG and GLC autoradiograms from control animals showed qualitatively similar label accumu lation patterns, with several previously noted ex ceptions (Duncan et aI., 1986; Lear and Acker mann, 1988) (Fig. 2) . 
Computer-generated images
The similarities and differences noted above be tween the FDG and GLC autoradiograms were con served on the computer-generated tissue tracer con centration images (not shown) and on the metabolic rate images derived from the kinetic models de scribed in Methods (Figs. 2-6 ).
In control animals, FDG-and GLC-derived met abolic rate images were similar. Therefore, images depicting the local differences between LCMRglc (FDG) and LCMRglc(GLC) were barely visible and were uniformly dense, consistent with past findings that glucose metabolism throughout the "resting" brain is almost entirely oxidative (Fig. 2) .
As in the controls, in KA-treated animals
LCMRglc values for most structures were similar when calculated from either FDG or GLC data (Ta ble 1). Consequently, subtraction of the G LC derived metabolic rate images from the correspond ing FDG-derived metabolic rate images produced Here, LCMRglc(FDG) was greater than LCMRglc (GLC) by a factor of up to 2. 5 (Table 1) . This dif ference resulted in the calculation of a significant glycolytic component to glucose metabolism in the GMg images (Figs. 3 and 4) . tions, other than the induction of glycolysis, for the differences between FDG-derived and G L U derived glucose metabolic rates must be consid ered. Enhanced FDG accumulation relative to me tabolism, caused by an increased value for the "lumped constant," and potential GLC label loss through increased CO2 production are probably the most significant.
The LC used in the calculation of LCMRglc from FDG or 2DG radiolabel accumulation is not abso lutely constant. Rather, it can increase somewhat if glucose metabolism increases greatly, and glucose transport instead of phosphorylation consequently becomes rate limiting (Sokoloff et aI., 1977; Crane et aI., 1981; Pardridge et aI., 1982; Gjedde et aI., 1985) . Increased LC values in the hippocampus of KA-treated rats have in fact been reported (Diemer and Gjedde, 1983; Evans and Meldrum, 1984) . Be cause the LC appears in the denominator of the operational 2DG equation, an unappreciated in crease in its value will lead to overestimation of 2DG-or FDG-derived metabolism. �1 h before FDG infusion; image presentation scheme is the same as in Fig. 2 . This brain was more widely affected by the KA; besides the hippocampus, the entorhinal cortex (large arrowheads) and substantia nigra (small arrowheads) are involved (upper left). Note that only structures having high metabolic rates as a consequence of stimulation show significant computed glycolysis (lower left); structures having intrinsically high metabolic rates, such as the medial geniculate and mamillary nuclei, have negligible computed glycolysis. For abbreviations, see the text.
fore, calculated label loss via CO2 is too small to account for the large discrepancy between FDG and GLC-derived metabolic rates in stimulated structures, again indicating some other cause.
Cerebral lactate clearance
The most critical value required for comparison of oxidative versus glycolytic metabolism, there fore, is the rate of lactate efflux. For our kinetic model we assumed that the rate constant for lactate flux is equal to 50% of that for glucose, based on brain uptake index comparisons reported by Olden dorf and colleagues (197 1-1972, 1979 ).
Other estimates for lactate transport in rats have been reported. Nemoto and Severinghaus (1974) found the lactate transport rate to be 25% that of glucose. Cremer et al. (1979) reported a value of � 35% that of glucose at physiologic lactate levels (1-2 /-lmol). Widely varying rates of lactate trans port have been reported in studies using other spe cies. Based on cerebral arteriovenous lactate and glucose differences in normal resting humans, Gibbs et aI. (1942) and Himwich and Himwich (1946) found a high rate of lactate transport, the calculated rate constant being nearly equal to that J Cereb Blood Flow Metab, Vol. 9, No. 6, 1989 of glucose. On the other hand, extremely low rates of lactate transport have been reported in dogs (e.g., Plum and Posner, 1967; Zimmer and Lang, 1975) .
Importantly, Cremer et aI. (1979) 1985) , modified to include lactate loss as described above, we found the fraction of lactate produced and retained at 6 min to vary between 40 and 60%, depending on the glucose metabolic rate. Thus, the correction factor used to calculate oxidative metab olism from total GLC-based metabolism can be large.
If we overestimated the rate of lactate efflux, then we underestimated the amount of retained lac tate. The lactate correction factor (C,) subtracted from the GLC-derived glucose oxidative rate was therefore too small, and consequently our calcu The above discussion is predicated on the hy pothesis that stimulation substantially increases lac tate production and that a significant portion of the produced lactate leaves the brain. Although this hy pothesis is supported by literature we have cited, the fact remains that we measured neither lactate production nor lactate efflux in these experiments.
Clearly, direct measurements of regional intracere bral lactate concentrations and the rate of lactate efflux under various stimulation conditions are re quired for precise estimation of oxidative and gly colytic metabolic rates with our model. was open and the other patched; image presentation scheme is same as in Fig. 2 . Note the sharply increased FOG-derived LCMR g lc in the stimulated optic tectum (arrow, upper left), while the corresponding GLC-derived LCMR g lc fails to increase (upper right). This discrepancy is reflected as computed glycolysis in the stimulated tectum (lower left), while computed oxidation remains the same for both optic tecta (lower right). For abbreviations, see the text. This induction of glycolysis could not have been due to hypoxia since it has been shown in other KA studies that hippocampal oxygen levels are main tained (Pinard et aI., 1987) , while hippocampal lac tate levels are increasing threefold (Cremer and Seville, 1985; Barrere et aI., 1989) .
KA and 2DG autoradiography
Visual stimulation effects on cerebral glucose metabolism
We also found discrepancies between FDG-and GLC-derived LCMRglc in the optic tectum with 16-Hz light-flash stimulation. This replicates findings first reported by Collins et aI. (1987) . They found that GLC-derived estimates of glucose metabolic rate in the optic tectum increased as the frequency of the stimulus increased up to 8 Hz, beyond which they increased no further, in contrast to 2DG derived metabolic rate estimates, which continued to increase beyond 16 Hz; this discrepancy between GLC and 2DG results was attributed to loss of GLC label via lactate production and efflux from the brain. Pulsinelli and Kraig (1988) subsequently found that the 16-Hz light flashes do cause signifi cantly increased lactate levels in the optic tectum, implying that substantially increased glycolysis was in fact induced by the stimulation (see also Ueki et aI., 1988) .
General implications
Similar to our and others' animal data, it has been shown in humans that both blood flow and FDG utilization increase disproportionately to oxygen utilization when a physical stimulus is employed (Fox et aI., 1988; Blomqvist et aI., 1989) . Van den Berg and Bruntink (1983) have interpreted discrep ancies between oxidative and glycolytic correlates to mean that brain cells lie near their oxidative limit in the "resting" state, added stimulation-induced energy requirements being met by glycolysis (see also Barrere et aI., 1989) .
A second possibility is that glycolysis, occurring as it does in the cytosol, is induced directly by the metabolic consequences of increased Na + ,K + ATPase activity, reduced ATP levels, and in creased ADP and Pi levels (Rose et aI., 1964; Lowry and Passonneau, 1967; Racker et aI., 1983) , the in creased Na + ,K + -ATPase activity itself induced by the ion fluxes that mediate changes in neuronal and glial electrical potentials (see Orkand et aI., 1966; Casteels and Wuytack, 1975; Mata et aI., 1980; Sokoloff, 198 1; Paul, 1983; Brookes and Yarowsky, 1985; Andersen and Marmarou, 1989) . These two possibilities are not mutually exclusive.
Past 2DG studies of KA-induced seizures have reported many-fold increases in hippocampal glu cose metabolic rates (e.g., Lothman and Collins, 198 1; Evans and Meldrum, 1984) . The results of the present study and of those cited above imply that these great increases in 2DG utilization overesti mate the true increase in energy production, be cause of the inefficiency with which glycolysis pro duces ATP (Fox et aI., 1988; Erecinska and Silver, 1989) . Such results also imply that both labeled glu cose and labeled oxygen are inherently limited as indicators of increased glucose metabolism in stim ulated brain.
